Heavy Ion Therapy: Status and Perspectives www.tcrt.org Starting with the pioneering work at the University of California in Berkeley in 1977, heavy ion radiotherapy has been of increasing interest especially in Japan and Europe in the last decade. There are currently 3 facilities treating patients with carbon ions, two of them in Japan within a clinical setting. In Germany, a research therapy facility is in operation and the construction of a new hospital based facility at the Heidelberg university will be started soon. An outline of the current status of heavy ion radiotherapy is given with emphasis to the technical aspects of the respective facilities. This includes a description of passive and active beam shaping systems, as well as their implications for treatment planning and dosimetry. The clinical trials and routine treatments performed at the German heavy ion facility are summarized. An overview over the upcoming new facilities and their technical possibilities is given. It is discussed what the necessary improvements are to fully exploit the potential of these facilities. Especially the new Heidelberg facility with the possibility of active beam scanning in combination with the first isocentric gantry for ions and offering beams of protons, helium, oxygen and carbon ions has implications on treatment planning, dosimetry and quality assurance. The necessary and ongoing developments in these areas are summarized.
Introduction

Worldwide Clinical Experience with Ion Radiotherapy
Parallel to the developments in the field of photon RT within the last two decades, particle therapy with protons, helium ions and heavier ions such as neon and carbon ions has gained increasing interest. Particles offer improved dose distributions with better sparing of normal tissue structures close to the target and, in the case of carbon ions, biological advantages compared to photon RT. Between 1977 and 1992 , first clinical experiences have been made especially with helium and neon ions at the Lawrence Berkeley Laboratory. Results in skull base tumors such as chordoma, low grade chondrosarcoma and meningioma were encouraging. It was recognized, however, that the beam delivery system and the treatment planning had to be improved further (1). The results of the clinical phase I/II study at LBL have to be regarded with respect to the fact, that there was almost no clinical information available about biologic effectiveness for the different tumor types and normal tissues. The studies were basically defined as dose-finding studies.
Modern technology allows optimal exploitation of the physical and biological potential of protons and heavy charged particles such as carbon ions. Among these technologies are inverse treatment planning for particles (2, 3), gating for breath dependent targets (4-6), the raster scan system for tumor conform beam application (7) and biologic plan optimization for carbon ion RT (8, 9) .
Considering the physical and biological properties of carbon ions, a potential benefit for carbon ion RT can be assumed for tumors with a low α/β ratio. A low α/β ratio has been shown for chordomas, low grade chondrosarcomas and malignant salivary gland tumors such as adenoid cystic carcinomas and other head and neck tumors. Further potential indications are bone and soft tissue sarcomas, lung cancer and prostate cancer. For the tumor entities mentioned above higher control rates and an improved quality of life can be expected if carbon ion RT is performed (10, 11) .
However, the availability of carbon ion RT is limited. Worldwide, there are currently only 3 facilities offering carbon ion RT. There are two hospital based facilities in Japan (HIMAC/Chiba and HIBMC/Hyogo) and a physics based facility at GSI, Darmstadt in Germany. At the HIMAC in Chiba, well over 1000 patients have been treated within the last decade, while the HIBMC facility in Hyogo offers patient treatments since 2002.
At GSI, carbon ion RT is available since December 1997 within three beam time blocks consisting of 20 consecutive days each year, the overall capacity is therefore 45-50 patients per year. Active beam delivery and biologic plan optimization are used at GSI. The spectrum of indications at the different particle therapy centers is strongly related to the techniques used for beam delivery. High dose RT of complex shaped skull base tumors, e.g., requires a high precision by means of patient immobilization and alignment. Furthermore, active beam delivery can be assumed to substantially reduce the dose to normal tissue structures in close vicinity to the target especially within the entrance channel. On the other hand, active beam shaping is more sensitive to set-up variation, inner organ movements and breath related movements of the target. Treatment of extracranial targets which is associated with possible setup errors in the range of up to 1 cm, is therefore more difficult using active beam delivery compared to techniques based on passive beam shaping. The different techniques used for ion radiotherapy and their clinical implications are explained in detail in the following chapter.
Clinical Ion Radiotherapy Facilities
The Bevalac Facility: Pioneering work in the field of radiotherapy with heavy ions was performed at the University of California, Berkeley. The Bevalac provided the scientific and technological basis for many of the current developments in the field of ion radiotherapy. Between 1977 and 1992, in total 433 patients have been treated here with ions heavier than Helium. The majority of patients received neon ion treatments, although some patients were also treated with carbon, silicon and argon beams (1, 12) .
At the Bevalac, two treatment rooms, both equipped with a fixed horizontal beam-line, were available. The majority of the patients was treated in a sitting position. For treatment planning, a CT scanner was modified to scan patients in seated position.
The modulation of depth dose was performed using a fixed accelerator energy and passive range modulators, like ridge filters and patient specific compensators (or boli). The lateral width of the beam was produced using a double scattering system and was improved to a beam wobbling system in the eighties. Patient specific field collimators were used to confine the beam to the target volume. Just before shutdown of the facility, a 2D magnetic beam scanning system was installed. It was operating together with a passive range modulator, but was used, however, for the treatment of a single patient only (13).
For each treatment, a fixed modulation depth was chosen, which was produced by different ridge filters. To overcome this restriction and to improve the target conformality, a layer stacking technique was developed, that used a multi leaf collimator together with a variable energy. It was, however, never applied clinically.
The HIMAC Facility: The Heavy Ion Medical Accelerator HIMAC started its clinical operation at Chiba, Japan, in 1994. Until February 2002, 1187 patients have been treated with carbon ions (15). Two redundant synchrotrons deliver carbon ion beams at energies of 290, 350 and 400 MeV/u. Patients are treated in three different treatment rooms, which are equipped with a vertical beam-line, a horizontal beam-line and the third with a vertical and a horizontal beam-line, respectively.
For more flexibility, treatment chairs are used additionally to conventional treatment couches. In addition, a tub-like system may be mounted on the treatment table, to allow a small angle rotation of the patient around the longitudinal axis. For treatments in seated position, special horizontal CT scanners are available for treatment planning (16).
Until 2002, the beam delivery used passive range modulation by bar ridge filters to achieve a fixed modulation depth. The lateral field width was obtained by a wobbler system and beam shaping was achieved by patient specific collima-tors (17). Recently, a 3D treatment delivery system has been established, that uses a layer stacking system in addition to a multi-leaf collimator. Both systems will be used in parallel in the future (18).
The GSI Facility:
At the research laboratory Gesellschaft für Schwerionenforschung (GSI) in Darmstadt, a therapy unit began its clinical operation in 1997 (19, 11) . So far, more than 180 patients have been treated with carbon ions. Only one treatment room is available that is equipped with a treatment couch. An additional treatment chair will come into clinical operation in the near future. The beam delivery system is completely active and allows 3D scanning of arbitrarily shaped volumes with a high spatial resolution. Using a magnetic deflection system, the intensity controlled raster scanner can deliver a monoenergetic pencil beam over an arbitrarily shaped area (7). To do so, a beam of 4-6mm full-width half-maximum is scanned over a regular grid of points with typically 2-3mm spacing. After completion of a scan, the accelerator energy can be switched from pulse to pulse and another scan can be performed with a different radiological depth. In total, 256 accelerator energies are available.
The intensity control moves the beam to the next beam spot, when a predefined number of particles is reached. An online monitoring of the beam position and a feedback loop to the scanner is used to keep the beam extremely stable at each scan spot.
In summary, the system allows a very high degree of dose conformation and at the same time makes any patient specific beam shaping hardware unnecessary.
The Hyogo Facility: The Hyogo Ion Beam Medical Center (HIBMC) started operation with protons in 2001 and with carbon ions in 2002 at Harima Science Garden City, Japan. It is the first facility offering carbon ion and proton treatment at the same facility. Until mid of 2002, 28 patients have received carbon ion therapy (20) . Six therapy rooms are available with seven treatment ports. Three rooms are dedicated to carbon ion beams: one with a vertical beam line, one with a horizontal and one with a 45 degree oblique beam line, respectively. Two proton treatment rooms are equipped with commercially designed gantries. The beam delivery system is based on the HIMAC system.
Current Status of Carbon Ion Therapy
Treatment Planning Systems (TPS) for Ions TPS for Passive Beam Shaping: Treatment planning systems (TPS) for the Berkeley and HIMAC facilities were developed as research tools within the corresponding institutions, since no commercial products were available at that time (21, 22) . In the meantime, the HIBMC treatment planning system is available as a fully certified medical product (FOCUS-M by Computerized Medical Systems Inc. St. Louis and Mitsubishi, Kobe) (14). Furthermore, it is embedded in a modern graphical user interface for 3D conformal radiotherapy planning including all up to date available features.
Absorbed Dose Calculation: The algorithms to calculate absorbed dose are very similar to those used in conventional photon therapy. The beam transport models are relatively simple, as lateral scattering of carbon or even neon ions is very small and the lateral penumbra of the primary beam is preserved almost completely in depth. The modeling of nuclear fragmentation is not a serious problem, because treatment planning can rely on measured depth dose data. These measurements for the various depth modulators are performed in water and sum up the dose contribution of all fragments. The radiological depth of the beam in tissue is calculated using an empirical relation between X-ray CT numbers and measured particle ranges (23, 24) .
Using this procedure, the design of necessary patient specific devices like bolus, compensators and collimators can be optimized by computer programs. Similar to photon therapy, only relative values of the absorbed dose may be used, because the absorbed dose scales with the number of monitor units.
Biologic Modeling:
The situation is more complicated for the biological effective dose because the relative biological efficiency (RBE) of an ion beam in tissue is depending on the underlying LET spectrum, the cell type, the dose level and some other quantities. This problem was solved by a number of pragmatic steps and assumptions (17, 18):
•
The clinical RBE is replaced by an RBE for in vitro data under certain conditions and then linked to clinical data by an empirical factor. At HIMAC, e.g., the RBE value for the 10% survival level of human salivary gland (HSG) cells was chosen and then linked to the existing clinical data gained in fast neutron radiotherapy. •
The fractionation scheme and dose per fraction are kept fixed. • Several fields of a treatment plan are applied on different treatment days. Thus, the influence of repair processes may be neglected and the effective dose values can simply be added up.
Only a certain ridge filter yielding a certain depth dose is used for each treatment field.
Under these conditions, the resulting RBE can be approximated to be only a function of depth. If this function is determined, a corresponding ridge filter can be designed in such a way, that the resulting depth dose curve leads to a constant biological effective dose. Consequently, no further biological modeling or optimization is necessary once the ridge filters are designed.
TPS for Layer Stacking Systems:
At HIMAC the available TPS was modified in order to handle the layer stacking system, which is, however, not yet introduced into clinical practice. In order to be able to directly connect to the clinical experience gained with the passive systems, the same assumptions and simplifications as mentioned above were made (18).
The way of designing the ridge filter for a single layer requires further investigation to optimize its design as compared to the standard method (see (25) for details). An additional task is the optimization of the weighting factor (or dose contribution) for each layer. To achieve this, additional assumptions were introduced:
• The RBE is calculated using a modified linear quadratic model, where the parameters α and β are dependent on the LET. •
The LET dependence of α and β was calculated for HSG cells and chosen to represent all other human cells. •
The LET for the fixed energy beams is replaced by the dose averaged LET of these beams, so that nuclear fragmentation is taken into account implicitly only.
TPS for 3D Beam Scanning Systems:
Currently, only the GSI facility is using an active beam shaping system for ions that enables a 3D scanning of the target volume with a pencil beam. Consequently, the used TPS is the only one capable of handling such a system. The system -used for clinical research purposes only -is a combination of a versatile graphical user interface for RT planning, called Virtuos (26) (Virtual radiotherapy simulator), and a program called TRiP (Treatment planning for particles), which handles all ion specific tasks (9, 27). Virtuos was developed at the Deutsches Krebsforschungszentrum (DKFZ) in Heidelberg. It features most of the tools used in modern RT planning and is constantly under development. TRiP was developed at the GSI and handles the optimization of absorbed as well as biological effective dose and the optimization of the machine control data.
Virtuos is used as planning platform for other radiotherapy modalities, like 3D conformal photon therapy or intensity modulated radiotherapy (IMRT). It is therefore an ideal tool for the planning of combination therapies of ions and photons, e.g., when ions are given as a boost treatment after a photon treatment.
The introduction of a 3D scanning system has some important consequences for the TPS. For the passive depth dose shaping system, the depth dose profile is fixed throughout the irradiation field and no further optimization is necessary. A 3D scanning system, however, can produce nearly arbitrary shapes of the spread out Bragg peak (SOBP). The shape of the SOBP has to be optimized separately for almost every scan point in the irradiation field.
For the GSI facility, the maximum flexibility of the system is used for patients. Therefore, the restrictions described above for the passive systems had to be overcome. The resulting new demands on the TPS were:
• The beam intensity of every scan point at every energy has to be optimized separately. •
As the system is able to apply any complicated inhomogeneous dose distribution, the capability for intensity modulated radiotherapy with ions should be taken into account. • All fields of a treatment plan are applied at the same day to avoid uncertainties in the resulting dose due to setup errors.
•
The dose per fraction should not be fixed a priori. •
The scanner control data have to be optimized. These are the selection of energies necessary for a certain target volume, positions of the raster points at every energy used and the intensity of the beam at each beam spot.
Absorbed Dose Calculation: The calculation of absorbed dose is similar to the method used for passive systems. Instead of the measured depth dose data for the SOBPs resulting from the ridge filters, the data for the single energies are needed (9). Although a large number of energies is used, only a few are selected for measurements and an interpolation between these data is performed. Due to the demand, that different dose levels should be applicable, it was necessary to base the calculation of absorbed dose on absolute particle numbers rather than on relative values. For the calculation of absorbed dose, the integral data including all fragments are sufficient.
Before the actual dose calculation starts, the target volume is divided into slices of equal radiological depth. Each slice then corresponds to the range of ions at a certain energy of the accelerator. The scan positions of the raster scanner are then defined as a quadratic grid for each energy. In the last step, the particle number at each scan point is optimized iteratively until a predefined dose at each point is reached.
Calculation of Biological Effective Dose:
In order to be able to fulfill the demands on the TPS concerning the biological effectiveness, a more sophisticated biological model was included (8). Its main idea is to transfer known cell survival data for photons to ions, assuming that the difference in biological efficiency arises only from a different pattern of dose deposition along the primary beam.
The model takes into account the different energy deposition patterns of different ions and is thus able to model the biological effect resulting from these ions. An important prerequisite for this is, however, the detailed knowledge of the number of fragments produced as well as their energy spectrum. The calculated RBE shows a dependence on the dose level and cell type, if the underlying photon survival data for this respective cell type are given.
The model allows the optimization of a prescribed biological effective dose within the target volume (28). The same iterative optimization algorithm as for the absorbed dose is used. At each iteration step, however, the RBE has to be calculated anew, as it is dependent on the particle number (or dose level). Since this includes the knowledge of the complete spectrum of fragments, the optimization is rather time consuming (several hours of computing time on modern mid-range workstations for a single field).
Again, it has to be pointed out, that the dose dependence of the RBE demands the use of absolute dose values during optimization. This also has consequences for the calibration of the beam monitors, as is outlined below.
In principle, the calculation of RBE values within this framework is tissue dependent. Since the available data on cell survival after photon irradiation is rather scarce, all calculations are currently based on the α/β-ratio for the endpoint late effects in normal brain tissue. The RBE of chordoma and chondrosarcoma cells can be assumed to be higher than that for normal brain tissue. The rationale for this approach is, that the dose prescribed to these tumors is limited by the tolerance dose in the surrounding normal brain tissue. For special purposes, the dose response of different tissues can be calculated, as was done in (29) for the analysis of skin reactions after carbon ion irradiation.
Clinical Dosimetry of Ion Beams
Measurement of Absorbed Dose: The determination of absorbed dose to water in all operating ion facilities is currently based on ionization chamber dosimetry (17, 30) . For this purpose commercial ionization chambers (mainly thimble type chambers) are used which are calibrated by the manufacturer in a field of Co-60 in terms of absorbed dose to water. Initially at HIMAC chambers calibrated in terms of air kerma were used, but the transition to water absorbed dose was performed recently.
This procedure is recommended also in the latest Code of Practice of the International Atomic Energy Agency, the technical report series TRS-398, which is currently the only international guideline for clinical dosimetry of ion beams (31).
According to TRS-398, the absorbed dose to water at an effective point of measurement, P eff , of the chamber in an ion beam is determined by:
where M Corr is the dosimeter reading M, corrected for changes in air density, incomplete saturation, and polarity effects of the chamber. The calibration factor, N D,w,Co60 , is given by the manufacturer and k Q is a chamber specific factor that corrects for the different beam quality of 12 C ions and the calibration beam quality ( 60 Co).
In TRS-398 it is suggested, that the k Q factor is calculated theoretically as:
which is a product of the ratios of the w values, the stopping power ratios of water to air and the chamber specific perturbation factors for 12 C and 60 Co, respectively.
The calculation of the stopping power ratio has to take into account not only the fluence of primary carbon ions but also the fragments that arise from nuclear interactions and also their energy distribution. It was found in Ref.
(30) that for energies above 10 MeV/u an average constant value can be used with an uncertainty of about 2%. The w-value recommended in TRS-398 has an uncertainty of 1.5%.
The perturbation factor, P, for the different beam qualities includes all departures from ideal Bragg-Gray detectors (i.e., the correction for cavity effects, the displacement factor, and the effects from the chamber wall and central electrode). The perturbation factor for a Farmer type chamber in a 12 C ion beam was set to unity, since no data exist that indicate a significant deviation from unity. Since this assumption is made for protons, it is justified also for heavy ions, for which the range of secondary electrons is even shorter. The overall uncertainty of this determination of absorbed dose is stated to be about 3%.
Monitor Calibration:
The monitor chambers used for ion therapy are mainly large area plane-parallel ionization chambers (19, 17) . AT HIMAC, an additional secondary electron emission chamber (SEC) is used for redundancy. Both cham- 
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bers yield a signal that is proportional to the particle number at a certain energy. Concerning the calibration of these irradiation monitors there is an important difference for passive depth modulation systems and the GSI beam scanning method.
For passive systems, basically the same calibration method as for conventional therapy is used. Here, during treatment planning only relative doses are calculated. The monitor units necessary to deliver a certain prescribed dose are determined by a so-called output factor. This output factor is determined by a dose measurement in the SOBP after a defined number of monitor units was applied. At HIMAC, this calibration of the monitor is performed for each treatment plan using the respective combination of range filter, ridge filter and bolus.
For the 3D scanning system at GSI, some differences arise:
• Due to the nature of the biological optimization, the monitors are calibrated in particle numbers.
•
The calibration has to be energy dependent, as the accelerator energy is changed during irradiation. •
The calibration procedure must be valid for any arbitrarily shaped SOBP that may be applied for a patient.
The calibration procedure therefore uses the following procedure:
An ionization chamber is irradiated with a homogenous field using a defined number of monitor units per scan point and the dose is determined. The dose measurement is repeated at 6 different energies. From the measured dose and the number of monitor units per scan point the number of particles per monitor unit at each energy can be determined. The determined calibration factor is then interpolated for the whole range of energies.
Dose Verification:
The verification of the dose delivered to a patient by a certain treatment plan is one of the crucial points of any quality assurance system in radiotherapy. In conventional therapy with photons it is common to measure the dose delivered by a treatment plan at a single point in a phantom in order to check the calculation of monitor units as well as the monitor calibration.
This procedure is used also for the passive field shaping systems, like HIMAC, where every treatment field is checked every day before delivery (17).
This procedure is sufficient for a static treatment field. For a dynamic dose delivery, like the 3D raster scanning system, this procedure is not sufficient, since the dose delivery may be correct at one point in the treatment field, but deviations may appear at another point. Therefore, the dose has to be verified simultaneously at many points in the field. Such a method was introduced at the GSI, using a set of 24 small volume ionization chambers connected to a motor-driven phantom (32). It allows an efficient check of the absorbed dose in the treatment field at many points and furthermore the direct comparison with the treatment planning dose at these points.
Recently, at HIMAC another systems was introduced (33), that uses a 64 channel multi-layer ionization chamber with a 3 × 3mm 2 sensing area to measure depth dose distributions.
Using the corresponding radiological depths, the dose values are transformed to the respective point in treatment planning CT. By sweeping the device in the treatment field, the complete dose distribution in a field is reconstructed on the CTimage. In a last step, the resulting biological effective dose is calculated and the differences between this biological effective dose and the expected dose from the TPS can be assessed. This procedure is certainly extremely useful for a static treatment field. For a dynamic beam application, it is not possible to move the chamber during beam application. The measurement of a complete dose distribution would therefore be extremely time consuming.
Clinical Trials and Routine Treatments at GSI
Since December 1997, more than 180 patients have been treated with carbon ion RT at GSI. Sixty-seven patients with histologically proven chordomas (n=44) and low grade chondrosarcomas (n=23) of the skull base were treated within a clinical phase I/II trial with carbon ion RT. All patients had macroscopic tumor residuals at the time of irradiation. Carbon ion RT was delivered using the raster scan technique and the prescribed median total tumor dose was 60 GyE with a weekly fractionation of 7 × 3.0 GyE. Local control was achieved in 8 of 9 patients with cervical spine tumors. Mucositis CTC grade 3 was observed in 3 patients with chordomas of the cervical spine, but none of the patients developed severe late effects to the spinal cord.
Locoregional control was yielded in 7/8 patients treated for tumors of the sacrum. Two out of 8 patients with sacral chordoma developed distant metastases. One of these two patients died of pulmonary metastases. Combined photon RT and carbon ion boost of sacral chordomas is very well tolerated, we did not observe any side effects up to now (34).
A clinical phase I/II study for combined photon RT with a carbon ion boost in locally advanced adenoid cystic carcinomas is still ongoing and patient accrual will be completed in the end of 2003. Only patients with macroscopic tumor residual or inoperable primary or recurrent tumors are eligible for the trial. Therapy consists of combined stereotactically guided photon RT to the clinical target volume (CTV) (CTV dose 54 Gy, weekly fractionation 5 × 1.8 Gy) and a carbon ion boost to the macroscopic tumor residual (boost dose 18 GyE, weekly fractionation 6 × 3.0 GyE).
An interim analysis was performed on 21 patients treated until December 2002. Median follow-up was 14 months. Actuarial locoregional control rate was 62% at 3 years, disease-free survival and overall survival were 40% and 75% at 3 years, respectively. Acute severe side effects CTC grade 3 were observed in 9.5% of the patients, but no RT related late effects greater than CTC grade 2 occurred up to now (34, 36). Preliminary treatment results are encouraging as locoregional control rates at 3 years are better for locally advanced adenoid cystic carcinomas than in most of the photon series (37, 38). Combined photon RT plus a carbon ion boost yields comparable results to neutron RT (37, 38), while toxicity is minimized. Figure 2 gives an overview over time scale of the ongoing clinical trials and routine treatments at the GSI facility.
Perspectives for Radiotherapy with Heavy Ions
New Facilities
There is currently an increasing interest in heavy ion radiotherapy especially in Europe and Asia (14). There are proposals for hospital based heavy ion facilities in Lyon (France), Milano (Italy), Stockholm (Sweden) and Vienna (Austria). Only two facilities, however, have by now reached the phase of construction or call for tenders. In Lanzhou (China) an existing heavy ion research facility is preparing for clinical patient treatments with ions. The therapy facility will be installed within the environment of a research laboratory, similar to the GSI facility. It features only a horizontal beam-line.
The currently most ambitious project is the Heavy Ion Clinical Accelerator HICAT which will be installed at the Heidelberg university hospital (39, 40) . The facility will be equipped with three treatment rooms, which host 2 horizontal beam lines and one room with a fully rotating isocentric gantry (41). When completed, this gantry will be the first ion gantry worldwide. The facility will use much of the know-how developed at the GSI facility. The beam delivery in all three treatment rooms, e.g., will rely on the active 3D beam scanning method together with the active energy variation of the synchrotron.
One of the biggest technological challenges is the construction of the isocentric ion gantry with an integrated beam scanning system. The scanning magnets will be placed upstream of the last bending magnet in order to reduce the diameter of the gantry to about 13m. The last bending magnet therefore needs a very large aperture and contributes much to the total weight of the gantry of roughly 600 tons. A very rigid mechanic framework is therefore mandatory to guarantee a sufficient stability of the gantry. The total length of the gantry will be about 20m.
Furthermore, the design of the synchrotron and beam line will enable the use of carbon ions as well as protons, helium and oxygen ions for radiotherapy. One of the major research goals is thus to evaluate which ion beam modality is best suited for the treatment of a certain type of tumor.
The facility will be completely integrated into the radiological clinic of the Heidelberg University and is designed to treat 1000 patients per year when in full operation. The construction of the facility is scheduled to be finished in 2006 and clinical operation is planned to start in 2007.
Developments in Treatment Planning
In order to use the full potential of the upcoming clinical facility in Heidelberg a number of additional requests have to be met by the TPS:
• the handling of other ion types like oxygen and helium; • the introduction of a simultaneous optimization of several fields, using clinical constraints, as it is currently done in IMRT for photons or protons;
• a faster biological optimization algorithm; • a TPS which is fully certified as a medical product according to the EU regulations;
The application of the TPS for other ions is mainly a question of providing the adequate data base. This means extensive measurements of depth doses, beam fragmentation and energy spectra of fragments, but also an extensive experimental program in radiobiology. The experimental effort required is certainly large. Therefore, it is obvious, that the clinical program will start with protons and carbon ions.
For the introduction of an intensity modulated radiotherapy for ions based on biological effective dose, the currently used algorithms for photon or proton RT are not sufficient. This is due to the fact, that for ions, the RBE is not related linearly to the underlying intensity or dose. Therefore, two different ways of multi-field optimization are investigated. One solution is to use a straightforward iterative approach, that starts from intensity distributions generated like in IMRT for photons. This is a very time consuming task and currently yields only imperfect dose distributions, which can not be applied clinically. The other method uses only very simple intensity patterns, like virtual wedges, which were defined manually for one field (42). The TPS is then capable of optimizing a second field to produce a homogeneous biological effective dose within the target region.
An example of this latter technique, which has already been used clinically, is shown in Figure 1 . Here, it was used to avoid a field patching of the cranial field to the lateral fields. The cranial field delivers only 70% of the prescribed dose. The use of this technique leads to a significant reduction of the dose to critical structures (here the optical nerves), however, at the cost of an increased entrance dose for the cranial field.
The development of a faster biological optimization is very closely connected to the optimization problem of IMRT for ions. Simplifications of the biological model currently are not thought to be a reasonable alternative, since this may have considerable impact on the clinical outcome. But this may be a way to proceed, if sufficient clinical data are available in the future.
Improvements in Dosimetry and Quality Assurance
The determination of absorbed dose for carbon ions is currently possible with an uncertainty of 3%. The major contribution of uncertainty is the lack of knowledge on the stopping power ratio and w-value. Precision measurements of the w-value are currently performed at GSI, but are very difficult and time consuming. Moreover, a thorough analysis of the chamber specific perturbation factors in a field of ions has to be performed.
The situation is even more difficult for other ion species like oxygen, where the physical data base is even more scarce.
Only when these ion beams are available under therapeutic conditions, however, the corresponding measurements can be performed with sufficient accuracy.
The introduction of any new high precision therapy in clinical routine can only succeed, if adequate quality assurance programs are used. For the GSI facility, a concise QA system has already been formulated (43, 44) and has been in clinical use for more than 5 years. Many aspects of such a QA system can be directly transferred from other therapy modalities. Two points of special interest are, however, the verification of treatment plans and the uncertainty of the ion range calculation.
Concerning the verification of treatment plans in dynamic treatment fields, it is certainly necessary to introduce systems, that allow an even more efficient measurement of the complete dose distribution in order to reconstruct the information relevant for the oncologists as in (33). New multichannel segmented ionization chambers and dosemeters with several hundred channels are becoming gradually commercially available and may serve that purpose.
Another interesting development is the direct verification of biological effective doses in biological samples. At GSI, samples of cells were placed in an inhomogeneous phantom and a treatment plan was optimized and applied as for a real patient treatment (45). The procedure is certainly very time consuming and not suited for daily routine, but it provides a useful possibility to check the biological modeling as it is used by the TPS. The introduction of virtual wedges in the TPS was checked in a similar way before it was introduced in clinical practice (42).
Concerning the uncertainty in the range calculation of ions, investigations have been started to analyze the effect of artifacts in CT-imaging on the range calculation. Currently, the effects of contrast agents and metal implants are being analyzed as the major sources of artifacts (46).
Future Indications for Ion Therapy
The main goal of the planned hospital-based heavy ion therapy facility HICAT in Heidelberg is the further improvement of therapy results for different tumor entities.
For tumors with proven effectiveness of carbon ion RT such as chordomas and low grade chondrosarcomas of the skull base, clinical phase III trials are necessary to determine the advantages of carbon ion RT over other RT modalities such as modern photon techniques (photon IMRT) as well as proton RT which is considered the treatment of choice. Toxicity, quality of life and socio-economic aspects have to be investigated as study endpoints besides local control probability.
Dose-finding studies for carbon ion RT for prostate cancer, NSCLC and soft tissue sarcomas (15) are ongoing at NIRS in Chiba, Japan.
In two phase I/II trials for stage I NSCLC, using different fractionation schemes (18 fractions in 6 weeks and 9 fractions in 3 weeks), a dose escalation was performed from 59.4 to 94.5 Gy and from 68.4 to 79.2 Gye, respectively (see (47)). The resulting overall control rates for the 6-and 3week fractionation were 64% and 84%, respectively. The total recurrence rate was 23.2%.
For unresectable bone and soft tissue sacomas, a further phase I/II trial was performed with doses between 52.8 to 73.6 Gye (48), applied in 16 fractions over 4 weeks. The observed overall control rates were 88% and 73% at 1 year and 3 years, respectively.
These encouraging results from HIMAC warrant further clinical investigation of carbon ion RT in the treatment of these tumors. Clinical phase III studies will have to be conducted and will not only have to compare different RT modalities but will have to include a control arm of surgically treated patients.
New immobilization techniques with rigid immobilization devices and pre treatment control and correction of the patient alignment together with the development of faster dose calculation and optimization algorithms and better knowledge of the complex biology of carbon ions will help to enlarge the spectrum of possible indications for carbon ion RT. The development of a gantry for carbon ion RT will facilitate the safe treatment of paraspinal tumors by allowing posterior beam directions.
Further investigation is needed in the field of multimodal treatments. There is almost no clinical data available about adjuvant chemotherapy or hormone therapy, although interdisciplinary treatment of patients with tumors that tend to metastasize seems to be warranted. In this connection, major attention has to be drawn to the proper definition of clinical trials for head and neck malignancies, gynecological tumors and prostate cancer in order to obtain comparability with upto-date oncological standard therapy regimes.
A combination of different RT modalities such as photon IMRT plus carbon ions or protons might be favorable for a number of indications. Combined RT offers the possibility for risk-adapted treatment of different target volumes in one patient dependent on the oncological concept based on risk estimation. Furthermore, the combination of carbon ion RT or protons with photon RT will guarantee that a higher number of patients will benefit from the advantages of particle RT despite the still limited availability. Possible indications are head and neck malignancies, malignant primary brain tumors and prostate cancer. For patients with unfavorable localized prostate cancer a clinical phase I/II trial of combined photon IMRT with a carbon ion boost, which is a project of the European hadrontherapy network "ENLIGHT", is in preparation.
Due to the biologic properties of carbon ion RT, hypofractionation might be considered for a number of tumor entities. At GSI, an accelerated fractionation scheme was successfully applied for carbon ion RT of chordomas and low grade chondrosarcomas of the skull base. 60 GyE to 70 GyE were delivered within 3 weeks which corresponds to a reduction of treatment time by about 50% compared to conventional photon RT using conventional fractionation. First clinical hypofractionation trials for lung cancer are underway at NIRS and further studies are in preparation. These studies investigate outcome and toxicity of hypofractionation as endpoints, as well as quality of life and economic aspects. Carbon ion RT might even turn out to be an optimal treatment option from the economic point of view as hypofractionation leads to substantial reduction of overall treatment time and hospitalization.
Conclusion
The clinical experience gained in heavy ion therapy in the last decade at HIMAC and GSI is very valuable. Together with the development of new technologies especially for beam application and treatment planning the time has come for a broader implementation of ions into clinical settings. A lot of further research is still required to clarify the question, what role ion radiotherapy will play in the treatment of cancer in the future.
What indications should be treated with heavy ions? What is the ideal ion species for a certain tumor type? What is the optimum fractionation scheme for ion beams? These questions have to be answered in clinical studies that can only be performed at dedicated ion facilities, like the HIMAC, HIBMC or the upcoming Heidelberg facility, which are dedicated to clinical research.
